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Abstract 
Attaching interconnection ribbons to solar cells using electrically conductive adhesives is an attractive alternative to soldering, 
particularly if it can be achieved on cells without busbars.  We report on ribbon bonding tests on busbarless PERC cells using a 
silicone-based electrically conductive adhesive, comparing the results with those of soldered control samples.  The ribbon-
bonded samples lead to somewhat lower performance, but promising results have nevertheless been obtained that indicate that 
equivalent performance could be reached with better process control.  Proof-of-concepts of innovative structures combining 
electrically conductive adhesives and non-conductive adhesives are demonstrated, with the potential to yield high fill factors, 
moderate material consumption and easier application. 
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1. Introduction 
The interconnection of silicon solar cells has traditionally been done by a soldering process.  A Sn-alloy (most 
often a eutectic SnPb alloy) is melted between the cell busbar and the Cu interconnection ribbon, and allowed to 
solidify, simultaneously forming a strong bond between electrode and ribbon and an excellent electrical contact.  
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Soldering interconnection is nowadays carried out in automated systems called Combined Tabber and Stringer, and 
is a well-established, mature technology.  However, soldered interconnection has several drawbacks.  During the 
soldering process, parts of the cell surface is heated to more than 200 ºC, creating high temperature gradients.  These 
gradients in turn lead to local stress and micro cracks, which may affect manufacturing yield and module lifetime.  
Moreover, the soldering process requires a fairly large electrode area to obtain a joint solder.  This is one of the 
reasons why standard cells feature rather wide busbars (typically 1.5 mm wide).  So, although the cost of the solder 
itself is low, the overall cost is high because of the substantial Ag paste consumption at cell level. 
 
The use of electrically conductive adhesives (ECA) has been proposed to replace the soldering process for solar 
cell interconnection [1].  Electrically conductive adhesives are polymer systems filled with conductive particles and 
engineered to create chemical and electrical bonds upon application and treatment [2].  The treatment is usually a 
heating step, typically in the range of 120 to 180 ºC.   ECA can be applied as a paste by dispensing or screen 
printing, or as a pre-cured, tacky material called a conductive film.  Conductive films are provided between two 
liners in a reel and require additional temperature and thermal treatment after pressing the ribbon onto the film [3,4].    
 
While these approaches already ease the stress problem and are of particular interest to cell types that do not 
withstand high temperature treatment, they do not address the issue of high cost associated to busbars.  However, the 
bonding process using conductive adhesives and films does in principle not need the large areas required for 
soldering.  Therefore there is an opportunity to reduce cost by bonding ribbons on cells without busbars.  For 
conductive films, several studies on applying ribbon bonding on busbarless cells have provided promising proofs of 
concept [5,6,7] and satisfactory behavior of full size modules in extended accelerated aging test has even been 
reported [8]. For ECAs applied as paste, there have been fewer studies and the application technology is not yet fully 
developed.  Nevertheless, promising proofs of concept have also been reported [6, 9]. 
 
In this paper, we report on experiments on ribbon bonding on busbarless cells using a silicone ECA, discuss the 
achievements and challenges, and also propose new structures that have the potential to lead to high performance at 
low cost. 
2. Experimental 
Large area Passivated Emitter and Rear Cells (PERC) cells were made starting from full square 156 mm Cz 
wafers (p-type, 156 mm). The front metallization was achieved by the conventional Ag paste screen printing method.  
However, for most cells, the metallization pattern contained only the fingers, and therefore those cells lacked 
busbars.  Some control cells were metalized with a complete pattern, including both fingers and busbars.  All cells 
were fired using the same belt furnace settings.  The cells with busbars were measured after firing. 
Test structures were then prepared by attaching interconnection ribbons (3 per cells) onto the front side of the 
cells.  The control cells with busbars were tabbed the conventional way, with SnPb solder-coated ribbons (1.5 mm 
wide, 200 μm thick) and manual soldering.  On the other cells, a ribbon bonding process was applied.  For those 
cells, ribbons with a thin plated Ag coating were used (1.5 mm wide, 200 μm thick).  Ag-finished ribbons were used 
to avoid an additional potential source of variability at this early stage of development, but lower-cost finishes can be 
envisaged, for instance a thin Organic Solderability Preservative (OSP) layer.  Electrically Conductive Adhesive was 
dispensed manually in the area where the interconnection ribbon was to come.  The ribbons were then pressed gently 
onto the cell, causing the ECA to spread between the ribbon and the cell.  The amount and pressure were adjusted to 
try to avoid ECA spreading outside the ribbon area, though that was not systematically achieved.  With such a 
manual process, quantity and thickness control is difficult, and a large variation was found.  However, a typical final 
thickness of ~ 30 μm was observed.  After applying the ribbons, a 3 mm piece of glass was placed on the cell with 
ribbons, and placed in an oven at 150 ºC for 30 min.  For the samples where the ECA was applied to the full length 
of the busbar area, the cross-section can schematically be depicted as in Fig.1.     
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Fig. 1. Schematic cross-section of ribbon bonding test structures 
 
The ECA that was used was Dow Corning® PV-5802 Electrically Conductive Adhesive, which is a silicone-based 
ECA, specifically developed for crystalline silicon photovoltaic module assembly [10].  PV-5802 is a printable paste 
that cures into a highly conductive (2 × 10-4 ȍ cm) yet soft and elastic solid.  
 
After curing, two wide bus cross-tabs were soldered onto the ribbons close to the cell, at a 90 degrees angle to the 
ribbons (Fig.2).  This was done to connect the ribbons together and enable an IV measurement with separate current 
and voltage measurement at the place where the ribbons leave the cell.  This type of IV measurement is much more 
relevant to the operating conditions of a module than measuring with probes all along the ribbon, and allows 
assessing the series resistance and fill factor losses associated with the front ribbons. 
 
Fig. 2. Top view of a test sample consisting of a cell with attached ribbons and two soldered cross-tabs 
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Illuminated IV curves were measured on a solar simulator, with the rear cell electrode in direct contact with the 
simulator chuck.  As a result there was no influence of the rear and the impact of the front interconnection could be 
studied directly.  Most ribbon bonding studies in the past have involved making mini-modules after attaching the 
ribbons.  While this is a necessary step in the development, the requirement to make an interconnection structure at 
the rear in order to make the mini-module may mask what is really happening at the front.  Therefore, the authors 
believe that this measurement of structures with only front interconnection structure is a valuable and necessary step 
in the study of new interconnections.   
 
After IV parameters measurements, the cross-tabs were de-soldered and a 180 º peel test was carried out. 
3. Results and discussion 
3.1. Bending 
A first observation when making the test samples was that all samples, whether bonded with ECA or soldered, 
showed significant bending (edge around ~ 3-4 mm above table when the opposite edge is maintained on the table), 
see Fig. 3.  This is related to the thermal mismatch between the Cu ribbon and the Si cell : during cool-down from 
soldering/bonding the Cu (Coefficient of Thermal Expansion or CET : ~ 17×10-6 K-1) ’wants’ to shrink more than Si 
but is prevented by the Si cell (Si CET ~ 3×10-6 K-1).  As a result, stress is induced in both Cu and Si and the 
structure warps.  The use of a relatively flexible ECA does not change things fundamentally here.  The material has a 
finite stiffness and is primarily an adhesive and therefore keeps components together.  What might at first sight seem 
more surprising is that there is no difference in bending between the soldered and ECA-bonded samples, even 
though soldering took place at much higher temperature than bonding.  The explanation is that, during cooling down, 
in both cases, tensile stress in the ribbon quickly exceeds the yield strength of the Cu material, resulting in plastic 
deformation.  Final stress and bending are fully determined by the plastic deformation properties of the ribbon 
material. Even though deformation is higher for the soldering case, final stress is independent of maximum 
temperature in the ribbon attachment process.  This does not mean that stress fields are identical in both structures.  
Soldering, with much higher thermal gradients, is likely to generate higher local stress and possibly micro-cracks 
[11], which can have an impact on the long-term reliability of the module.  However the investigation of that aspect 
was beyond the scope of the present study.   
 
It should be noted that in a complete stringing process, ribbons are attached on both sides of the cell and therefore 
the thermal mismatch-induced stresses compensate each other in terms of deformation, leading to flat cells.  
However, the process leads to the same plastic deformation of the ribbons and stress build-up in the cells.  
 
 
Fig. 3. Side picture of a test sample, illustrating the bending created by thermal mismatch 
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3.2. Peel strength 
The average 180 º peel strength of samples with ECA in the whole area under the ribbon was 0.94 N/mm, 
whereas the soldered control had a peel strength of 3.24 N/mm. Although adhesion is much weaker, it might be 
sufficient for the application.  The typical requirement in the industry is 1 N/mm average peel strength, although 
some target 1N for a 1.5 mm ribbon (therefore 0.67 N/mm) or set a requirement on the maximum rather than the 
average peel strength.  It is furthermore recognized in the industry that the value is rather arbitrary as the peel test 
conditions do not correspond to real stress either in module assembly or operation.    
 
3.3. Illuminated IV measurements 
Fig. 4 compares the fill factors of the cells prior to attaching the ribbons (for the control samples), after attaching 
but using the conventional probes configuration on the solar simulator (multiple probes over whole length of the cell, 
contacting the ribbon), and finally connecting the current and voltage probes to the cross-tabs. 
 
Fig. 4. Fill factors before and after attaching ribbons either by soldering or by ribbon bonding with ECA (ECA on full area under ribbon).  Note 
that the ribbon bonded cells did not have busbars, in contrast with the soldered cells 
Although it is common knowledge, it is important to once again point out that the use of ribbon at the front side 
leads to important resistive losses and therefore a loss in fill factor.  In the results above, we see that cells measured 
with a fill factor of 78.2 % to start with are left with a fill factor of 76.1 % in a configuration relevant to module 
assembly.    We see that the fill factor is somewhat lower for the busbarless cells with bonded ribbons, ending with a 
fill factor of 75.1 %.  The complete IV data is given in Table 1. 
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     Table 1. Illuminated IV parameters (standard AM1.5G spectrum) of ribbon-bonded cells and soldered controls  
 
 
Jsc (mA/ 
cm2) 
 
 Voc 
(mV) 
 
FF measured at 
edge of the cells 
(%) Eff. (%) 
Rseries 
(ȍ 
cm2) 
n 
 
FF prior 
tabbing 
(%) 
FF after tabbing, 
with probes along 
ribbon (%) 
Controls 
(busbar+soldering) 39.2 653.3 76.1 19.5 1.2 1.11 78.2 77.5 
ECA bonded samples 
(full area under ribbon) 39.0 651.5 75.1 19.1 1.2 1.22 NA 77.1 
 
The current is a little lower for the ribbon-bonded cells.  This is attributed to the fact that some ECA spread 
outside the ribbon area during the rather imprecise manual application and caused some additional shading.  It 
highlights the need for precise control of the ECA application.  The Voc is also slightly lower than for the controls, 
though the difference might not be statistically significant.  This is unexpected as a slightly higher Voc would be 
expected thanks the absence of a busbar in direct contact with silicon.  As mentioned earlier, the fill factor is lower.  
A possible reason might be the contact resistance between the metallization and the ECA.  Even if we assume the 
specific contact resistance between screenprinted Ag and ECA to be very low, the contact resistance might be 
significant as the surface area between them is very small (finger width × 1.5 mm  × number of fingers), much lower 
than the typical contact area between a busbar and a ribbon.  A quick calculation indicates that the contact resistance 
could add 0.04 ȍcm2 to the series resistance, which could be reduced to 0.02 ȍcm2 if the contact area was increased 
by adding a 100 μm wide redundancy line crossing the fingers over the full length in the metallization design.  
Looking however at the total series resistance and the fact that the IV curve analysis returns the same value (1.2 
ȍcm2) for both soldered and bonded cells, we conclude that it is not the primary cause for the lower fill factor.  In 
contrast, the ideality factor is higher for the bonded cells.   This could point at a somewhat lower junction quality 
related to finger metallization.  Indeed, the busbarless cells, which had less metal on the surface and therefore had a 
somewhat different reflectance, were fired in the same conditions as the control cells with busbars.  Therefore, they 
might not have been optimally fired in contrast to the controls.  Further investigation is needed to clarify this. 
 
3.4. Ribbon bonding structures combining ECA and non-conductive adhesive 
As discussed earlier, the ribbon bonding structure described above shows moderate adhesion compared to 
soldering.  Adhesives with very high filler content such as ECAs have less polymer that can bond with the 
substrates, leading to lower adhesion that can possibly be achieved with that polymer system. Conventional, non-
conductive adhesives typically have a much with lower filler content or none at all, and can provide better adhesion 
than highly filled adhesives.  Since there is no need for a conductive material in much of the contact area between 
the cell and the ribbon (namely in the places on the cell that are not covered by an electrode), there is an opportunity 
to replace some of the ECA by a non-conductive adhesive (NCA).  By combining ECA and NCA in that way, it is in 
principle possible to achieve satisfactory contact with better adhesion and lower cost.   
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A structure based on that idea was tested. It was similar to the structures described above, but involved dispensing 
two parallel lines of ECA and NCA onto the busbarless cell, instead of a single ECA line per ribbon (Fig. 5).  A one-
part heat cure silicone adhesive was used for the NCA. 
Fig. 5. Schematic drawing of a ribbon bonding structure combining ECA (grey vertical line) and NCA(black vertical line) prior to applying the 
ribbons.  The thickness of the dispensed lines of ECA and NCA are such that they remain contained to the area below the ribbon when the ribbon 
is pressed onto the cell  
The peel strength was, as expected, higher than for structures using only ECA, with a value of 1.2 N/mm for a 
180 º test.  Unexpectedly, in spite of the somewhat lower contact area between finger and ECA, the fill factor was 
slightly better than for the structures with single ECA line : 75.6 % as measured at the cross-tabs.  It should be 
mentioned that there was only one cell with that structure so there is no statistical significance, but the test does 
provide an early proof-of-concept. 
 
3.5. Improvement of ease of application through the use of Pressure Sensitive Adhesive 
All test structures described so far were quite challenging to make, even in the lab.  A major reason for this is that 
the ribbons are rather stiff and the adhesives used had limited green strength (the ability to hold two surfaces 
together when brought into contact and before the adhesive develops its ultimate bond properties when fully cured).  
Often, ribbons that were pressed onto the adhesive came off before the other ribbons were placed.  A possible 
solution would be to increase the green strength of the adhesives.  Another option, which we tested, is to use a 
Pressure Sensitive Adhesive (PSA) as non-conductive adhesive.  PSAs are pre-cured materials that create 
instantaneous adhesion when some pressure is applied.  In Fig. 6, we schematically show the structure that we tested.  
A silicone PSA was pre-applied on the side of the lower surface of the ribbon, while dots of ECA were manually 
dispensed on the fingers.  This structure indeed made it much easier to apply the ribbons.  The tack provided by the 
PSA was sufficient to bear the weight of the cell, which therefore would ease string handling in module assembly. 
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Fig. 6. Schematic drawing of ribbon bonding structure using PSA and local ECA dots : a) schematic drawing of cell just before applying the 
ribbon  ; b)  schematic drawing of ribbon with PSA applied locally on lower surface  
 
As the PSA has a low cohesive strength and the ECA was only applied locally, the peel strength of the proposed 
structure can be expected to be lower than the previously described test structures.   And indeed, an average 180 º 
peel strength of 0.79 N/mm was measured.  The fill factor was very promising: 76.1 % as measured at the cross-tabs.  
Here again, there is no statistics, and many more tests would be required to prove that it is a repeatable process. 
 
It should also be emphasized that any structure or process, in particular for module assembly, has to be tested in 
accelerated aging procedures in mini-modules first and then full size modules.  While the suggested structures can be 
conceptually appealing, they have to pass climate chamber tests before they can be considered real potential 
alternatives to traditional interconnections. 
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4. Conclusion 
We have studied ribbon bonding onto busbarless cells using a silicone ECA and compared the results with 
traditional structures with busbars and soldering.  Although adhesion and fill factors are lower for ribbon bonding 
than for soldering, analysis of the results suggest that equivalent performance could be reached by better process 
control.  We also proposed new ribbon bonding structures combining ECA and non-conductive adhesives, with 
potential to lower cost, improve adhesion and make application easier, and proof-of-concepts were demonstrated. 
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